Photoinduced transient spectroscopy (PITS) 
Introduction
Quality assessment of semi−insulating (SI) SiC wafers is of great importance in terms of manufacturing advanced mo− nolithic microwave integrated circuits (MMICs) operating at millimetre−wave frequencies. The technology allowing achieving the best device performance today is based on GaN HEMT structures produced on SI SiC wafers. This is because of the excellent thermal conductivity and smaller lattice mismatch of SiC compared to a sapphire substrate. The application of SI SiC significantly reduces connection capacitance and dielectric losses. The SI SiC crystals are mainly grown by physical vapour transport (PVT) tech− nique and a high resistivity, ranging from 10 7 -10 11 Ùcm, is obtained by doping with vanadium (3d 3 4s 2 ) that is an am− photeric impurity in SiC acting as a deep acceptor as well as a deep donor compensating shallow level impurities such as residual nitrogen and boron [1] . At present, however, the semi−insulating properties of SiC crystals can also be achieved without vanadium doping, by maintaining the high material purity and introducing deep intrinsic point defects that compensate the residual shallow impurities [2] [3] [4] .
Although a great number of studies has been performed using some theoretical tools and various experimental meth− ods [5] [6] [7] [8] [9] [10] [11] [12] , the electronic properties of point defects in SI SiC have not been fully understood yet. In particular, the de− fect structure of SI 6H−SiC crystals is very complex due to the occurrence of not equivalent lattice sites for impurity at− oms, vacancies, and antisites. In SI 6H−SiC, the point de− fects can be located in three not equivalent lattice sites, the hexagonal site h and two quasi−cubic sites k 1 and k 2 [5] [6] [7] [8] .
Since the defect centres have different activation energies for hexagonal and cubic sites, there are many of energy lev− els in the bangap of this material [9] [10] . So, a better resolu− tion of spectroscopic techniques is necessary to fully under− stand the compensation mechanism. In this paper we pres− ent the defect levels determined for SI 6H−SiC crystals by the improved photoinduced transient spectroscopy (PITS). A new approach to the analysis and visualization of the measurement results has been implemented. It is based on a two−dimensional analysis of the temperature−induced chan− ges in the photocurrent relaxation waveforms, performed by the correlation procedure, and creating the images of spec− tral fringes through projecting the spectral surfaces on the plane given by the axes for the temperature and the emission rate. The defect levels in vanadium−doped and vanadium− −free (undoped) SI 6H−SiC wafers have been investigated.
Experimental details
The samples used in this work were prepared from the com− mercially available wafers with a thickness of~388 ìm cut out perpendicularly to the c axis (<0001> direction) from SI 6H−SiC crystals grown by the PVT method. The wafer of vanadium−doped SI 6H−SiC was produced by II−VI Inc. and that of undoped SI 6H−SiC crystal was made by Intrinsic Inc. The (0001) Si−face surface of the wafers was polished according to the requirements for epitaxial substrates and the backside was of optical quality. The resistivity at a room temperature of the SI 6H−SiC:V and undoped SI 6H−SiC wafer was~1.0×10 10 Ùcm and~3.0×10 7 Ùcm, respectively. In the temperature range of 600-700 K, the activation en− ergy of dark conductivity for the V−doped and undoped wa− fer was 1.26 eV and 1.06 eV, respectively. The nitrogen concentration in the both kinds of materials determined by secondary ion mass spectroscopy (SIMS) was~3´10 16 cm -3 .
For the PITS measurements, arrays of two co−planar ohmic contacts were made by evaporating a 20−nm layer of Cr and a 300−nm layer of Au on the front surface (Si−face) of the both kinds of wafers followed by annealing at 500°C. The width of the gap between two co−planar contacts was 0.7 mm. The samples with dimensions of 4´9 mm 2 were cut from the central parts of the wafers. The measurements of photocurrent transients were carried out in the temperature range of 20-800 K with the steps ranging from 1 to 10 K. At the temperatures ranging from 20 to 320 K, the excess charge carriers were generated by means of a 40−mW He−Cd laser continuously emitting the UV beam with the wavelength of 325 nm (3.82 eV). The photon flux was changed in the range of 10 16 -10 18 cm -2 s -1 using a set of op− tical filters. The UV pulses were shaped by a mechanical shutter with electronic triggering. The width of the excita− tion pulses was varied from 10 ms to 2 s and the period be− tween them was changed from 50 ms to 10 s. For the mea− surements in the temperature range of 320-800 K, the UV excitation pulses were generated by a semiconductor laser emitting the beam with the wavelength of 375 nm (3.31 eV). The excitation pulse duration time and the repetition period was 30 ms and 250 ms, respectively. The voltage between two co−planar contacts ranged from 10 to 40 V. The photo− current transients were amplified using a Keithley 428 fast current amplifier (conductance−voltage converter) and then digitized with a 12-bit amplitude resolution and a 1-ìs time resolution. In order to improve the signal to noise ratio, the digital data were averaged usually taking 50-500 waveforms. For further processing, each photocurrent relaxation waveform was normalized with respect to the photocurrent amplitude at the end of the UV pulse. The detailed descrip− tion of the experimental setup dedicated to characterization of defect centres in SI wide bangap materials has been pre− sented elsewhere [13] .
When the retrapping of the carriers by the centres is ne− glected and the time constant of the relaxation waveform is much longer than the carrier lifetime (ô rel » ô n ), the recipro− cal of the relaxation waveform time constant is equal to the thermal emission rate of charge carriers [14] . So, the param− eters of defect centres can be determined directly from the temperature dependence of the emission rate fitted with the Arrhenius formula. The images of experimental spectral fringes are obtained by means of the two−dimensional anal− ysis of the recorded photocurrent relaxation waveforms us− ing the correlation procedure [15] . As a result, the tempera− ture changes of the time constants of the relaxation wave− forms are visualized in the 3D space as the spectral surface being a function of two variables, the temperature T and the emission rate e T . The processes of thermal emission of charge carriers from the detected defect levels manifest themselves as the folds on the spectral surface, and the pro− jections of these folds on the plane determined by the axes (T, e T ) give the experimental spectral fringes. To extract the parameters of defect centres, the ridgeline of each fold is found and also projected on the plane in the domain of the temperature and emission rate. Next, the projected line, which gives the temperature dependence of emission rate for the particular defect centre, is approximated using the Arrhenius equation [15] 
where e T is the thermal emission rate of electrons or holes, T is the temperature, E a is the activation energy, k B is the Boltzmann constant and A = gs is the product of the mate− rial constant g and the apparent capture cross−section s for electrons or holes. As a result, the activation energy E a and the pre−exponential factor A, related to the capture cross− −section, are calculated for detected defect centres. Because of the implementation of advanced signal processing tech− niques [13, 15] , the PITS technique sensitivity is high being of the order of 1×10 13 cm -3 . In the case of this technique, however, the determination of trap concentration is not as straightforward as in the deep level transient capacitance spectroscopy (DLTS). There are a number of factors, e.g., a non−uniform distribution of free charge carriers and a tem− perature dependence of the absorption coefficient, which should be taken into account.
Results and discussion
The images of spectral fringes obtained by the two−dimen− sional analysis of the photocurrent relaxation waveforms re− corded for SI 6H−SiC:V at the temperatures ranging from 40 to 300 K are presented in Fig. 1 . The two fringes, seen in Fig. 1 (a) in the temperature ranges of 40-70 K and 150-260 K, are due to thermal emis− sion of charge carriers from defect centres TV1 and TV4 whose activation energies are 40 and 280 meV, respec− tively. In view of the results reported in Refs. 5 and 8, the shallow centre TV1 (40 meV) can by assigned to a shallow hydrogen−like point defect. However, the microscopic structure of this centre remains unknown. The fringe corre− sponding to the centre TV4 (280 meV) is very intensive what indicates that there is a high concentration of this cen− tre in the material. According to the results reported in Refs. 6-8, the centre TV4 (280 meV) is likely to be attributed to the boron acceptor located in the hexagonal site. It should be added that, the fringe shown in Fig. 1(a) is fairly broad and a part of it can be related to boron and part to aluminium. Fig−  ure 1(b) illustrates two fringes, observed in the temperature range of 170-210 K, associated with the defect centres, de− noted as TV2 and TV3, with activation energies 115 and 200 meV, respectively. It is worth noting, that the fringe corresponding to the centre TV2 (115 meV) was obtained by the two−dimensional analysis of the photocurrent relax− ation waveforms with the negative amplitudes. In other words, the change in the occupancy of traps induced by the UV pulse resulted in lowering the material conductivity compared to the equilibrium value. So, the fringe related to
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the centre TV2 (115 meV) was obtained by the projection of the hollow occurring on the spectral surface due to negative amplitudes of the photocurrent relaxation waveforms. The mechanism responsible for the occurrence of the negative amplitude of the photocurrent relaxation waveforms has not been until now fully understood. However, there are some results allowing for explanation of this phenomenon [13, 14] . They indicate that the negative amplitude of the re− laxation waveform can result from the specific change in the occupancy of a defect level involved in the material com− pensation. This seems to be the case when a donor or accep− tor centres influencing the material conductivity are in ex− cess filled with majority charge carriers. For example, the negative amplitude of the photocurrent relaxation waveform is observed when the deep donor EL2 level is filled with the electrons of n−type high−purity semi−insulating GaAs [14] . So, similarly as in the capacitance spectroscopy, the ampli− tude of the photocurrent relaxation waveform can be posi− tive when the deep traps are filled with the minority carriers, or negative when the traps are filled with the majority carri− ers. It should be added, however, that in the PITS experi− ments compensated materials are used and in many cases it is difficult to establish whether the conductivity is of n− or p−type. In the temperature range of 170-210 K, the sample of semi−insulating 6H−SiC:V seems to be n−type and the phoocurrent relaxation waveforms with the negative ampli− tudes are likely to be related to the thermal emission of elec− trons from defect centres. Therefore, the centre TV2 (115 meV) can be assumed to be the nitrogen donor at the quasi−cubic k 1 site. The activation energy of the TV2 centre is consistent with the known energy levels for this donor [6, 8] . Alternatively, this centre can be attributed to oxygen which is also a donor in SiC [10] and produces little deeper levels compared to nitrogen. The trap TV3 (200 meV) can be tentatively identified with the Al acceptor at the he− xagonal site [6] [7] [8] .
The images of spectral fringes obtained by the two−di− mensional analysis of the photocurrent relaxation wave− forms recorded for SI 6H−SiC:V at the temperatures ranging from 300 to 720 K are presented in Fig. 2 .
In the temperature range of 300-320 K [ Fig. 2(a) ], two broad fringes corresponding to defect centres denoted as TV5 and TV7 are observed. The activation energies of these centres are equal to 430 meV and 780 meV, respectively. The former can be attributed to the boron acceptor at the quasi−cubic k 2 site [6] [7] [8] or to an electron trap E2 (0.41 eV) related to a native defect [10] . The latter seems to be the va− nadium acceptor V 3+/4+ at one of the quasi−cubic sites k 1 or k 2 [9, 16] . In the temperature range of 320-720 K [ Fig. 2(b) ], eight spectral fringes corresponding to deep defect centres labelled as TV6, TV8, TV9, TV10, TV11, TV 12, TV13, and TV14 are detected. The activation energies of these cen− tres are 730, 835, 870, 1200, 1370, 1380, 1520, and 1630 meV, respectively. Taking into account the results re− ported in Refs. 9 and 16, the centre TV6 (730 meV) can be also assigned to the vanadium acceptor V 3+/4+ at one of quasi−cubic sites k 1 or k 2 . Thus, we can assume that the lev− els TV6 (730 meV) and TV7 (780 meV) are related to the vanadium acceptors, although we cannot distinguish which level corresponds to the k 1 or to the k 2 lattice sites.
On the other hand, the centre TV8 (835 meV) can be identified with the vanadium acceptor V 3+/4+ at the hexago− nal lattice site [9, 16] . In view of the results reported in Refs. 10 and 12, the centre TV9 (870 meV) seems to be related to a silicon vacancy. The centres TV10 (1200 meV), TV11 (1370 meV), and TV12 (1380 meV), are also likely to be attributed to native defects or complexes involving a na− tive defect and a residual impurity [3, 4, 11, 17] reported in Refs. 3, 4, and 17, confirm the presence of these centres in SI SiC by photoluminescence (PL) and thermally stimulated luminescence measurements. The centres TV13 (1520 meV) and TV 14 (1630 meV) can be assigned to the vanadium donor V 5+/4+ [9, 16] . The experimental data obtained recently indicate [9, 16] that the former is presumably related to the va− nadium donor at the hexagonal site and the latter can be assigned to the vanadium donor at the quasi−cubic lattice site k 1 or k 2 .
The parameters of defect centres detected by the PITS measurements in SI 6H−SiC:V are summarized in Table 1 . According to the results presented in Table 1 , the main de− fect levels detected in SI 6H−SiC are related to boron and vanadium impurities. The atoms of these impurities can be located at various sites of the crystal lattice, and we have [10, 12] TV10 1200 ±30 1.8×10 9 TSL peak at 1.2 eV; a native defect [11, 17] TV11 1370 ±30 6.2×10 9 UD−3 line of low temperature PL [3, 4] TV12 1380 ±30 1.3×10 8 TSL peak at 1.35 eV [17] TV13 1520 ±30 4.6×10 9 electron trap V Si 4+/5+ (3d 1 /3d 0 ), vanadium donor at h site [9, 16] TV14 1630 ±30 7.0×10 10 electron trap V Si 4+/5+ (3d tried to resolve the differing energy levels for the hexagonal and two cubic lattice sites. The semi−insulating properties of 6H−SiC:V are mainly achieved through the compensation of shallow boron acceptors (E v + 280 meV, E v + 430 meV) with deep vanadium donors (E c -1520 meV, E c -1630 meV). The images of spectral fringes obtained by the two−di− mensional analysis of the photocurrent relaxation wave− forms recorded for undoped SI 6H−SiC at the temperatures ranging from 40 to 320 K are presented in Fig. 3 .
In the temperature range of 40-160 K [ Fig. 3(a) ], eight spectral fringes corresponding to shallow defect centres la− belled as TU1, TU2, TU3, TU4, TU5, TU6, TU7, and TU8 are observed. The activation energies of these centres are 50, 60, 70, 80, 110, 120, 125, and 140 meV, respectively. It is worth noting, that the photocurrent relaxation waveforms were very complex in this temperature range and consisted of the signals either with the positive or negative amplitude. The relaxations with the negative amplitude are most likely to be due to the thermal emission of electrons from the shal− low donors that at low temperatures are partly ionized and responsible for the material compensation [1, 4, 8] . On the grounds of the experimental data received so far [5, 18] , the centres TU1 (50 meV) and TU2 (60 meV) can be assigned to shallow phosphorus donors in different lattice sites (h and k 1 or k 2 ). The centres TU4 (80 meV), TU5 (110 meV) and TU7 (125 meV) can be identified with the shallow nitrogen donors located in the h, k 1 , and k 2 lattice sites, respectively. The activation energies of these centres are in very good agreement with the ionization energies of the particular ni− trogen donors [4, 6, 8] . In view of the results reported in Refs. 10 and 11, the shallow centres TU3 (70 meV) and TU6 (120 meV) are of unknown origin. The centre T8 (140 meV) is presumably related to the presence of titanium, that apart from nitrogen, boron, aluminium and vanadium, is a common residual impurity in 6H−SiC [1, 10, 16] .
In the temperature range of 200-320 K [ Fig. 3(b) ], three broad fringes corresponding to defect centres denoted as TU9, TU 12, and TU13 are observed. The activation ener− gies of these centres are equal to 450 meV, 720 meV, and 810 meV, respectively. The centre TU9 (450 meV) is likely to be a native point defect observed by the deep level tran− sient capacitance spectroscopy (DLTS) as an electron trap at E c -0.44 eV in the neutron−irradiated n−type 6H−SiC [19] . The centres TU12 (720 meV) and TU13 (810 meV) seem to be the same centres as TV6 (730 meV) and TV8 (835 meV) in the samples of SI 6H−SiC:V. Similarly, they are related to the vanadium acceptors V 3+/4+ at the quasi−cubic (k 1 , k 2 ) and hexagonal lattice sites, respectively. Figure 4 shows the images of spectral fringes obtained by the two−dimensional analysis of the photocurrent relax− ation waveforms recorded for undoped 6H−SiC at the tem− peratures ranging from 300 to 700 K.
The fringes seen in Fig. 4 are associated with the six de− fect centres labelled as TU9, TU10, TU11, TU14, TU15, and TU16 with the activation energies of 450, 500, 650, 1060, 1280, and 1370 meV, respectively. It should be noted that the centres TU9 (450 meV) were also observed in Fig. 3(b) for the lower emission rates.
The centres TU10 (500 meV) and TU11 (650 meV) can be identified with the known electron traps at E c -0.50 eV and E c -0.64 eV occurring either in the as grown or electron irradiated n−type 6H−SiC [20, 21] . The former trap has been attributed to a carbon vacancy and the latter has been as− signed to a complex involving a silicon antisite [20, 21] ture photoluminescence spectra [3, 4] . However, the micro− scopic structure of this defect still remains unknown. The deep centres TU15 (1280 meV) and TU16 (1370 meV), ob− served also in the spectra of electron paramagnetic reso− nance (EPR) [2] and photoluminescence [3, 4] , respectively, are likely to be related to native defects such as a carbon va− cancy and a complex involving the carbon vacancy and sili− con antisite. The parameters of defect centres detected by the PITS measurements in undoped SI 6H−SiC are summarized in Table 2 . According to the results presented in Table 2 , the defect centres in undoped SI 6H−SiC are related to residual impuri− ties, namely: phosphorus, nitrogen, titanium and vanadium, as well as to native defects whose atomic configurations are not fully understood. These native defects, however, seem to introduce the deep acceptor levels compensating the shallow donors. found to be mainly due to the presence of deep acceptors, formed by native defects, compensating shallow nitrogen donors.
Conclusions

